ABSTRACT: Nanoparticles activated by near infrared (NIR) excitation provide a capability for optical imaging and photo-destruction of tumors. We have engineered optical nano-constructs derived from erythrocytes, which are doped with the FDA-approved NIR dye, indocyanine green (ICG). We refer to these constructs as NIR erythrocyte-mimicking transducers (NETs). Herein, 
INTRODUCTION
Light-activated materials present a potential theranostic platform for image-guided phototherapy. [1] [2] [3] In particular, use of near infrared (NIR) wavelengths (≈ 750-1450 nm) is especially advantageous since relatively deep (≈ 2-3 cm) optical imaging and phototherapy can be achieved due to reduced light absorption and scattering by endogenous constituents. To-date, indocyanine green (ICG) remains as the only NIR-activated agent approved by FDA for specific clinical applications including ophthalmic angiography, cardiocirculatory measurements, assessment of hepatic function and blood flow evaluation. 4, 5 ICG has also been investigated for potential applications ranging from sentinel lymph node mapping in patients with different types of cancer to imaging intracranial aneurysm and cerebral arteriovenous malformations. [6] [7] [8] [9] [10] [11] In addition to its optical imaging capabilities, ICG has also been investigated as a photosensitizer for photodynamic therapy of choroidal melanomas and breast adenocarcinomas, 12,13 as well as a photothermal agent for treatment of port wine stains.
14 However, ICG's major drawbacks are its short plasma half-life (≈ 3-5 minutes) and non-specific interactions with various biological macromolecules, particularly serum albumin and high density lipoproteins. To overcome these limitations, ICG has been encapsulated within various constructs, including micelles, liposomes, silica and synthetic polymers.
15-20
Use of mammalian cells such as erythrocytes, lymphocytes, and macrophages, or constructs derived from them, are receiving increased attention as delivery platforms due to increased circulation time and biocompatibility. [21] [22] [23] [24] [25] For example, Hu et al reported that nanoconstructs (≈ 80 nm diameter) composted of poly (lactic-co-glycolic acid) core coated with erythrocyte-derived membranes were retained in blood for three days with circulation half-life of 4 ≈ 8 hours in mice. 26 Piao et al have reported that the circulation half-life of gold nanocages cloaked with erythrocyte membranes (≈ 90 nm diameter) was ≈ 9.5 hours. 24 Rao et al did not observe systemic toxicity 15 days after intravenous injection of erythrocyte membrane-coated upconversion nanoparticles in mice. 23 We previously provided the first report on the engineering of nano-sized vesicles derived from erythrocytes loaded with ICG, and their utility for fluorescence imaging and photodestruction of human dermal microvascular endothelial (HDME) cells. 27 We refer to these constructs as NIR erythrocyte-mimicking transducers (NETs) since once activated by NIR light, NETs can transduce the absorbing photons energy to generate heat, emit fluorescence, or mediate production of reactive oxygen species (ROS). Herein, we investigate the photo-theranostic capabilities of NETs for near infrared fluorescence imaging and photo-destruction of cancer cells and subcutaneous xenograft tumors in mice. We demonstrate that NETs remain available within tumors at 24 hours post intravenous injection, and mediate the destruction of cancer cells and tumors through synergistic photochemical and photothermal effects in response to continuous wave laser irradiation. We report for the first time that NETs are localized to cancer cells lysosomes, and upon photo-excitation can induce Caspase-3 activation, leading to tumor apoptosis.
RESULTS AND DISCUSSION
Characterization of NETs. The mean peak hydrodynamic diameter of NETs as estimated by dynamic light scattering (DLS) was ≈ 79 nm ( Figure 1a ). We used lognormal fits to estimate the mean ± standard deviation (SD) diameter of NETs as 85 ± 1 nm. We have previously published transmission electron 27 and scanning electron 28 
microscopic images of
NETs, and demonstrated that DLS-based measurements of NETs' diameters are consistent with those made by electron microscopy. The polydispersibility index (PDI) value for this set of NETs was 0.2, meaning that the standard deviation in diameter is 20% of the mean value. Nanoparticles
with PDI values in the range of 0.1~0.4 are considered as moderately polydispersed. 29 Since the hydrodynamic diameters of NETs are < 200 nm, they are likely to be effective for extravasation into tumors through the enhanced permeability and retention (EPR) effect, induced by the leaky tumor vasculature and impaired lymphatic drainage. The absorption spectrum of free 13 µM ICG dissolved in ≈ 310 mOsm phosphate buffer saline (PBS) (defined as the 1X PBS), and NETS fabricated using 1.1 mM ICG in the loading buffer are shown in Figure 1b . The free ICG equivalent concentration loaded into these NETs In response to photo-excitation at 720 ± 2.5 nm, the normalized fluorescence emission spectra (χ(λ)) (see equation 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 corresponding reductions in the absorption spectra ( Figure 2a human breast cancer cells were incubated at 37 °C with PBS (negative control), 44 µM free ICG (Figure 3a) . Figure 4a ). In response to laser irradiation, ≈ 93% of ICG-treated SKBR3 cells remained viable.
However, only 32% of NETs-treated cells were viable after laser irradiation at these parameters ( Figure 4b ). In panels (b) and (c), statistically significant differences are indicated as (*) p < 0.05 and (***) p < 0.001 (n = 3 samples for each treatment).
We Collectively, our in vitro results based on analysis of cell viability ( Figure 4 ) and the use of molecular probes for ROS detection ( Figure 5 ) support the presence of a photo-chemical 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 Photo-induced damage to lysosomes membranes leads to release of cathepsin proteases and other hydrolytic enzymes into the cytosol 39 to activate apoptosis mediator proteins. 40 Pro-apoptotic mediators include a sub-group of B-cell lymphoma 2 (BCL-2) family of proteins. 41 Bid, is a member of the BCL-2 sub-group containing only the BH3 domain, which is cleaved by proteases to truncated Bid (tBid). 42 Upon translocation to the outer membranes of mitochondria, tBid can directly promote mitochondrial outer membrane permeabilization (MOMP), 43, 44 or play a role in recruitment of cytosolic Bax, another member of the pro-apoptotic BCL-2 group, to mediate MOMP, 45, 46 leading to release of pro-apoptotic proteins including cytochrome c. 47, 48 The release of cytochrome c as a signal will finally activate the executors including Caspase-3 for cell 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 death. 40 Therefore, our findings are consistent with photo-induced lysosomal damage as the basis to induce apoptosis. Nevertheless, based on the observed temperature increases (Figure 6b ), photothermal effects could have also contributed to the destruction of cancer cells ( Figure 4 ) and tumors ( Figure 6e ).
Various light-activated nanoparticle systems are under investigation in relation to cancer imaging and therapy. Based on material type, such systems can generally be classified into semiconductors (e.g., quantum dots (QDs)), metallic (e.g., gold, silver), and organic particles (i.e., carbon nanomaterials such as graphene and fullerene). 49, 50 There are certain attractive features with these types of materials such as photostability of QDs, tunable optical properties of QDs and gold nanomaterials, light-induced local surface plasmon resonance effects, and quantum confinement effects due to nanosize (<10nm) of carbon materials that result in their distinct optical properties. Limitations of these materials include cytotoxicity associated with certain constituents of QDs, potential oxidative stress and genotoxicity associated with gold nanoparticles, 51 safety concerns with carbon nanotubes, 52 and short vascular retention time of carbon nanomaterials due to their excretion through the kidneys, which stems from their small size (<10nm).
In comparison to these light-activated nanoparticle systems, the major key advantages of NETs stem from its constituent materials and composition that lead to the distinct properties and capabilities of these particles: (1) As constructs that can be engineered autologously (or from similar blood types), NETs are potentially non-immunogenic, non-toxic, and biocompatible. (2) CD47 is a key membrane glycoprotein expressed in erythrocytes, 53 which impedes phagocytosis.
Our previous results 28 indicate that CD47 remains on the surface of NETs, suggesting that NETs may remain shielded from the immune system and have extended retention time within the vasculature; hence, providing their cargo (e.g., ICG) available for delivery to the tumor site over 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 20 process (20,000xg, 15 minutes, 4 °C ) was repeated until all the hemoglobin was depleted, resulting in an opaque white pellet containing micron-sized hemoglobin-depleted erythrocyte ghosts (EGs).
To obtain nano-sized EGs, the micron-sized EGs were extruded 10 times through 800 nm polycarbonate porous membranes (Nuclepore Track-Etched Membranes, Whatman, Florham
Park, New York), followed by 10 more extrusions through 400 nm polycarbonate membranes, and another 10 times through 200 nm polycarbonate membranes using an extruder (LIPEX Extruder, TRANSFERRA Nanosciences Inc, Burnaby, Canada). To concentrate the nano-sized EGs, 10 ml of nano-sized EGs were centrifuged (99,000xg, 1 hour, 4 °C ) and re-suspended in 1 ml of 1X PBS.
To load ICG into nano-sized EGs, 1 ml of nano-sized EGs solution, concentrated by 10 times, was incubated with 3 ml of ICG dissolved in water (at concentration of 2 mg/ml) and 3 ml were acquired in response to 720 ± 2.5 nm, and recorded using a fluorimeter (Fluorolog-3 spectrofluorometer, Edison, NJ). We normalized the fluorescence emission spectra (χ(λ)) as:
where A and F are the wavelength (λ) dependent absorbance and intensity of the emitted fluorescence light, respectively, and λ ex is the excitation wavelength.
Photostability of NETs. NETs suspended in PBS ([ICG
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Detection of singlet oxygen generation.

